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Zebrafish acquire the ability for fast swimming early in development. The motility mutant accordion (acc) undergoes exaggerated and
prolonged contractions on both sides of the body, interfering with the acquisition of patterned swimming responses. Our whole cell
recordings from muscle indicate that the defect is not manifested in neuromuscular transmission. However, imaging of skeletal muscle of
larval acc reveals greatly prolonged calcium transients and associated contractions in response to depolarization. Positional cloning of acc
identified a serca mutation as the cause of the acc phenotype. SERCA is a sarcoplasmic reticulum transmembrane protein in skeletal muscle
that mediates calcium re-uptake from the myoplasm. The mutation in SERCA, a serine to phenylalanine substitution, is likely to result in
compromised protein function that accounts for the observed phenotype. Indeed, direct evidence that mutant SERCA causes the motility
dysfunction was provided by the finding that wild type fish injected with an antisense morpholino directed against serca, exhibited
accordion-like contractions and impaired swimming. We conclude that the motility dysfunction in embryonic and larval accordion zebrafish
stems directly from defective calcium transport in skeletal muscle rather than defective CNS drive.
D 2004 Elsevier Inc. All rights reserved.
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Fish are among the fastest moving animals and this rapid
movement is reflected in the rates of both synaptic trans-
mission and muscle contraction. For example, synaptic
responses at neuromuscular junctions of larval zebrafish are
considerably faster than Xenopus tadpoles (Kullberg et al.,
1980, 1981) and 5- to 10-fold faster than those reported for
mammalian muscle (Fischbach and Schuetze, 1980). Fish
acquire this ability to generate fast swimming movements
early in development, presumably to avoid predation.
Stimulus-evoked movement is normally first observed at 1
day postfertilization when touch evokes a single uncoordi-
nated bend. However, by 2 days, the fish can mount0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2004.09.008
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E-mail address: mryu@ic.sunysb.edu (M.R. Gleason).coordinated escape responses that involve individual con-
tractions that are complete within 20 ms, allowing the fish to
bend at rates as fast as 50 Hz (Liu and Fetcho, 1999).
The stereotypic escape response has formed the basis of
several genetic screens in an effort to identify genes
involved in motor control of behavior. A large number of
mutant zebrafish lines have been identified on the basis of
motility dysfunction, ranging from total paralysis to overly
powerful contractions (Granato et al., 1996). In those cases
where the mutations have been identified, nearly all of the
genes encode proteins that are involved in either muscle or
neuromuscular transmission (Downes and Granato, 2004;
Lefebvre et al., 2004; Ono et al., 2002, 2004; Westerfield et
al., 1990). Quite unexpectedly, the motility mutants studied
to date have revealed little about spinal circuitry or function.
One motility mutant line accordion (acc), generated by the
Tqbingen mutagenesis screen, was proposed to represent a
defect in the central nervous system (CNS) (Granato et al.,
1996). This mutant line never acquires the ability to mount276 (2004) 441–451
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exhibit a pronounced shortening along the body upon
initiation of swimming that terminates the swimming
response. This shortening in body length results from
maintained contractions on both sides of the tail, thereby
preventing the normal propagating sequence of alternating
contractions. The proposition that this phenotype repre-
sented a defect in the CNS was based on the observation
that treatment of wild type fish with strychnine mimicked
the acc phenotype (Granato et al., 1996). Strychnine blocks
inhibitory synapses in the CNS, pointing to defects in either
spinal circuitry or inhibitory synaptic function in acc. We
used positional cloning to identify the genetic lesion
responsible for the acc phenotype. Contrary to expectations,
the culprit gene corresponds to a zebrafish homolog of the
mammalian skeletal muscle-specific serca (ATP2A1 in
humans). The serca gene encodes for sarco(endo)plasmic
reticulum Ca2+-ATPase (SERCA), the major transporter that
is responsible for translocation and reuptake of cytosolic
calcium that occurs during muscle contraction (Ebashi,
1961; MacLennan, 1970; MacLennan et al., 1997). Our
findings point to the importance of early expression of
SERCA for the developmental acquisition of motor coor-
dination and calcium signaling in fast muscle.Materials and methods
Positional cloning and identification of the acc gene
Fish heterozygous for the acctq206 allele (Max Planck
Institute, Tqbingen, Germany) (Granato et al., 1996) were
outcrossed to a commercially available wild type strain.
Bulked segregant analysis (Postlethwait and Talbot, 1997)
was performed using genomic DNA isolated from F2
homozygous mutants and siblings with a set of 214
microsatellite markers (http://zebrafish.mgh.harvard.edu/
zebrafish/bulseglist.htm). From this initial scan, markers
Z10934 and Z9257 were used to establish linkage to
linkage group 3 (LG3). To obtain high resolution
mapping data, we also tested individuals against markers
Z59609, Z20966 and Z10805 (http://zebrafish.mgh.harvard.
edu). Zero recombinant marker Z59609 was used to
search the zebrafish genome sequencing project database
(www.sanger.ac.uk/Projects/D_rerio) for sequenced BAC
clones and found a match in clone CH211-11K18
(GenBank accession no. BX511232). Clone CH211-
11K18 was used to identify other BAC clones residing on
the same chromosomal region based on the zebrafish
genome fingerprinting project (www.sanger.ac.uk/Projects/
D_rerio/WebFPC/zebra/small.shtml). The terminal sequen-
ces of clones zC219D5 and zK184K2 were used to generate
markers based on single nucleotide polymorphisms (SNPs).
Markers were also designed from sequences within clone
CH211-11K18 (SNP 3152, SNP 34, and SNP36), and from
ESTs that were identified to neighbor Z59609 (fb05b07.y1and fc25e04.x1) by sequence assembly from the whole
genome shotgun sequencing project (www.ensembl.org/
Danio_rerio).
Simultaneous with the mapping effort, candidate genes
were identified by performing an NCBI BLAST search of
CH211-11K18 sequences for known transcripts. To
examine these transcripts for mutations, we compared
cDNA sequences derived from mutant and wild type fish.
For cDNA synthesis (SuperScript III First-Strand Syn-
thesis kit, Invitrogen), total RNA was extracted from
embryos at 3 days postfertilization. Primers used to
amplify transcripts for sequencing were designed from
sequences obtained from clone CH211-11K18 (GenBank
accession no. BX511232).
Whole-mount in situ hybridization
Three antisense DIG-labeled riboprobes (each approx-
imately 300 bp) were synthesized (DIG RNA Labeling Kit,
Roche) for serca, using sequences from the 5VUTR, 3VUTR
and coding region. Whole-mount in situ hybridization was
performed with standard procedures (Roche) using one or
three riboprobes together. After overnight incubation with
anti-DIG antibody (Roche) diluted 1:200, samples were
visualized using the HNPP Fast Red/Texas Red Detection
system (Roche). The staining appeared in approximately 10
min. Confocal images of stained fish were obtained on a
Zeiss LSM510 Meta system, using 543 nm excitation and
560 nm long-pass emission.
Morpholino antisense knockdown
For knockdown of serca protein expression, we used a
morpholino oligonucleotide (5VGTTCTCCATCCTGTCTG-
CTCAAAGG3V)(Gene Tools) antisense to the predicted
translational start site of the serca gene. Approximately 0.6–
1.3 ng of the morpholino was pressure-injected into one-cell
stage wild type embryos in a total volume of 0.5 nl. A
standard control morpholino designed using scrambled
sequences was also injected at the same concentration.
Injected embryos were screened at 2–4 days postfertilization
for the acc behavioral phenotype.
Imaging and muscle physiology
Stimulus-induced muscle contractions were imaged in
intact acc and wild type fish using a Photron FASTCAM
PCI512 high speed camera. For this purpose a single
chevron of fast muscle in living fish was imaged on a Zeiss
Axiovert 100 microscope using a 25 multi-immersion
objective (n.a. 0.9) during which time the muscle was
stimulated to contract. The muscle was stimulated via an
extracellular electrode (O.D. 5 to 10 Am) that was filled with
extracellular solution (ES) containing (in mM) 120 NaCl, 5
Na–HEPES, 4 CaCl2 (or 2 CaCl2 for photometric experi-
ments) 3 Glucose, 2 KCl, 1 MgCl2 (pH 7.4). The responses
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Model 2100), each separated by 40-ms intervals were
imaged at 1 ms temporal and 512  512 spatial resolution.
Then, the magnitude of the displacement for selected muscle
cells was determined for each frame and plotted as a
function of time using Photron Motion Tools software
(Photron, USA).
Calcium measurements in response to depolarization
were performed using dissociated muscle cells. To obtain
healthy dissociated cells, 4- to 8-day-old fish were decapi-
tated and skinned, treated for 2 h in 1% collagenase
(Invitrogen), and gently triturated on glass coverslips.
During trituration and throughout the experiment, cells were
bathed in ES. For imaging calcium transients, we used the
high affinity calcium indicator dye, calcium green-1 dextran
(MW 10,000) (CGD) (Molecular Probes). Individual muscle
cells were dialyzed with 100 AMCGD by means of the patch
pipette while the cell was held at 80 mV. In addition to the
CGD, the pipette solution contained 120 mM KCl, 5 mM K–
Hepes, 100 AM K–EGTA (pH 7.4). Cells were allowed to
load with the indicator dye until a stable baseline of
fluorescence was achieved, which took place within 10
min following cell break-in. We then applied either a single
depolarizing voltage step to +60 mV for 100–200 ms, or
delivered a train of 5 depolarizing pulses, each 100 ms in
duration, at 1 Hz. Images of fluorescence changes in the cell
were captured using a Yokagawa spinning disc confocal
microscope (Solamere Technology Group) coupled to an
XR/MEGA-10 GENIII ICCD camera (Stanford Photonics).
Images were acquired at rates of either 15 or 30 frames per
second and analyzed using QED (QED Imaging, Inc.) and
NIH ImageJ software. The mean intensities of small cellular
areas of interest were collected as F(t) and the background
intensity was subtracted, using a same-size region of interest
outside the cell, yielding F(t)s. The final signal was
normalized to baseline fluorescence F(0), as [F(t)s 
F(0)]/F(0). The decay of calcium transients was fitted with
a single exponential curve and the time constant measured
using Igor Pro software (WaveMetrics).
For photometric measurements of calcium transients,
dissociated cells were incubated in ES containing the
cell-permeant acetoxymethyl ester form of fura-2, fura-2
AM (Molecular Probes) (1 AM) for 8–10 min. The cells
were then rinsed two to three times with dye-free ES.
Brief calcium transients were elicited by delivering a
single 1 ms current pulse, as previously described for
stimulating intact fish. However, in this case, the
stimulating electrode was placed very close to, but not
touching, an individual muscle cell and the threshold for
eliciting a brief calcium response was determined by
increasing an initially low current strength (10–30 AA) in
small increments until a slight twitch was observed. Fast
photometric measurements of 390-nm fluorescence were
acquired at 1 kHz. Stimulus-induced background-sub-
tracted changes in 390 nm fluorescence were calculated
as [F390nm(t)  F390nm(0)]/F390nm(0). For decay analysis,calcium transients were fitted with a single exponential,
as described for imaging experiments.
Whole cell patch clamp recording of spontaneous
synaptic currents were performed on fast skeletal muscle
in the tails of 4-to 12-day-old fish. The detailed methods for
recording from intact fish and for the analysis of data have
been published elsewhere (Ono et al., 2002). All statistical
measurements were performed using the Student’s t test.Results
Identification of the acc gene
To determine the molecular basis for the acc mutation,
we mapped, using a set of 214 microsatellite markers
(http://zebrafish.mgh.harvard.edu), acc to LG3. From
higher resolution mapping data, a critical interval of 0.1
cM was defined using ESTfc25e04.x1 (2 recombinants
out of 3458 meioses) and SNP34 (1 recombinant out of
2620 meioses). Within this interval, two zero recombinant
markers, Z59609 (0 out of 3458 meioses) and SNP3152
(0 out of 4184 meioses), were identified. A single BAC
clone, CH211-11K18 (Fig. 1A), contained both zero re-
combinant markers, as well as flanking marker SNP34. In
addition to providing sequences for generating SNP
markers for further mapping, CH211-11K18 revealed
genes residing in the region. No mutations were found
in the zebrafish homologs of hsp70 (in either of the
inverted copies) or in yippee. However, a single point
mutation in a zebrafish homolog of serca (GenBank
accession no. AY737278), a muscle-specific isoform of the
sarco(endo)plasmic reticulum Ca2+ATPase, was identified.
Analysis of the zebrafish serca cDNA (Fig. 1B) and
genomic sequences derived from acc revealed a C to T
transition at position 2297, which would result in sub-
stitution of a highly conserved serine to a phenylalanine at
residue 766 (Fig. 1C).
To provide additional evidence that a mutation in serca
was responsible for the acc phenotype, an antisense
morpholino directed against serca was generated. Micro-
injection of the serca morpholino phenocopied acc
(Fig. 2C). Based on the tight genetic linkage of the serine
to phenylalanine mutation in acc SERCA to the mutant
phenotype, and the ability of the morpholino to pheno-
copy acc, we conclude that a disruption in serca causes
the acc phenotype.
Zebrafish serca expression is restricted to muscle
As expected from the expression pattern of the
mammalian serca transcript, which is restricted to fast
twitch skeletal muscle (Brandl et al., 1987; Wu et al.,
1995), whole-mount in situ hybridization of 4–5 day fish
showed that zebrafish serca is highly expressed in tail
muscle and in the skeletal muscle of the jaw (Fig. 1 D).
Fig. 1. Positional cloning of the acc gene. (A) Genetic (circle denotes centromeric end) and partial physical maps of the LG3 region containing the acc locus.
EST fc25e04.x1 (2 recombinants/3458 meioses) and SNP34 (1 recombinant/2620 meioses) flank the critical interval. On BAC clone CH211-11K18, zero
recombinant markers Z59609 and SNP3152 reside 4 and 3 kb, respectively, from serca. The relative distances between markers on the physical map
correspond to the genetic map, and therefore are not scaled. (B) DNA sequence analysis of zebrafish serca cDNA reveals a C to T transition at position 2297
(denoted by asterisks in the partial chromatographs shown). The possession of both acc and wild type alleles in heterozygous fish is reflected in the existence of
two overlapping peaks at this position. (C) The mutation predicts the substitution of a serine to a phenylalanine (in bold) at residue 766. Alignment of the
protein sequences of SERCA in zebrafish, frog, chicken, rat, and human indicates that the mutation occurs in a highly conserved region (100% identity in the
stretch of 40 amino acids shown). (D, E) Whole-mount in situ hybridization using antisense serca riboprobes. (D) Lateral view of stained wild type (top) and
acc (bottom) fish at 4 days. (E) serca expression in fast skeletal muscle fibers in the tail of a 5-day wild type (top) and acc (bottom) fish, using confocal
microscopy. Lateral view of a few segments of the tail. Anterior is left. Dorsal is top.
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each of the three riboprobes or a mixture of the three
were indistinguishable. Higher magnification and confocal
microscopy, which allowed imaging through different
muscle layers in the tail, indicated that the transcript
was abundant in fast-twitch skeletal cells, which are
located in deep muscle layers, and are multinucleated and
oriented obliquely within segments. Expression of sercain slow muscle fibers, which are located in superficial
layers, was undetectable by in situ hybridization. Staining
of serca in fast skeletal muscle fibers was similar
between wild type and acc fish (Figs. 1D, E). A
comparison of the SERCA protein in wild type and
acc fish using a commercially available anti-SERCA
antibody (clone IIH11, AbCam) was not possible because
it does not cross-react with zebrafish epitopes.
Fig. 2. Touch-mediated escape responses in 2-day-old fish. The escape response was elicited by a gentle prod to the tail with the tip of a glass electrode, as
shown in B. Individual frames, taken at 5-ms intervals, are shown for (A) wild type, (B) homozygous acc and (C) morpholino-injected wild type fish. The
512  512 pixel images were collected with a FASTCAM 512 PCI (Photron USA) at a sampling rate of 1000 frames per second.
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aborted early in acc
To gain further insight into the observed differences in
the motility behavior of acc and wild type fish, a series
of high-speed images of escape and swimming behavior
was examined. At 2 days postfertilization, the wild type
fish (Fig. 2A and supplementary movie 1) responds to
touch stimulation with alternating tail contractions at high
frequency, achieving two full tail bends by 25 ms after
touch and an additional two, less exaggerated, bends in
the next 25 ms. Swimming continues beyond the period
shown in Fig. 2, until the fish is outside the field of view.
In contrast, swimming is aborted early in acc fish (Fig. 2B
and supplemental movie 2). While the first tail bend appears
to be normal and is generated in the same time frame
as the wild type fish, subsequent strokes are incomplete,
causing early termination of swimming in acc. Similarimpairments in swimming are displayed by morpholino-
injected fish (Fig. 2C and supplemental movie 3), where the
levels of SERCA protein are expected to be greatly reduced.
Like the acc fish, the initial tail contraction is normal, but
successive tail alternations are incomplete and aborted early.
The motility behavior of fish injected with a control
morpholino was indistinguishable from wild type (results
not shown).
Owing to the transparency of the fish it was possible
to directly image the contractions of individual muscle
cells in intact acc and wild type fish. Inspection of the
fast muscle in acc revealed considerable debris and the
presence of many muscle cells that appeared misshapen
and deformed (Fig. 3, arrow). These profiles are rarely
seen in the muscle from wild type fish (Fig. 3, arrow)
and are reminiscent of another accordion fish, twister
(Lefebvre et al., 2004). Using high-speed imaging we
measured the magnitude and duration of displacement for
Fig. 3. Muscle shortening in acc and wild type fish. Lateral view of a few segments in the intact tail of (A) wild type and (B) acc fish. Top is dorsal. Arrows
point to individual muscle cells. (C) Muscle displacement over time in the intact tail of a 9-day wild type (blue, triangles) and acc (red, circles) fish in response
to a train of six 1-ms current pulses applied to muscle. High-speed images of stimulus-induced muscle contraction and relaxation were taken every 1 ms. From
these images, measurements of muscle displacement were made by tracking, frame by frame, the movement of a single point on an individual muscle cell,
using Photron Motion Tools software. The magnitude of the response was then normalized to the maximum displacement observed and plotted as a function of
time. Arrowheads indicate the time of stimulation.
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These data represent the strength and speed of contrac-
tion, respectively. Each response was normalized on the
basis of the largest displacement, so any absolute
differences in contraction strength between acc and wild
type fish were not determined (Fig. 3). However, it can
be seen from the data in Fig. 3C that the initial
contraction of acc muscle is similar to wild type muscle.
However, with successive stimulations, the contractions in
acc recover more slowly so that relaxation becomes
incomplete after the third response. This use-dependent
slowing of contractile speed is not observed in wild type
fish (Fig. 3C).
Spontaneous events in muscle are normal
To establish whether defects in neuromuscular trans-
mission might also contribute to the acc phenotype, we
performed whole cell voltage clamp recordings from fast
skeletal muscle. Measurement of the amplitude and
kinetics of spontaneous synaptic currents (mepcs) have
been instrumental in identifying the culprit genes in severalmutant lines of zebrafish (Ono et al., 2002, 2004). Sample
recordings of mepcs (Fig. 4A) and the corresponding
frequency vs. amplitude (Fig. 4B), rise time (Fig. 4C), and
decay time (Fig. 4D) distributions are shown for a single
acc and wild type fast muscle cell. In both acc and wild
type muscle, the mepcs are fast rising and exhibit a slower
exponential decay. The amplitude distributions for acc and
wild type fish both showed a skewed distribution with the
largest events corresponding to approximately 1 nA. To
compare kinetics of rise and decay, the mean F SD
recordings from five different acc muscles were compared
to the previously established database for wild type fish,
obtained under identical recording conditions. The mean
rise time for acc measured 0.3 F 0.1 ms, which was not
significantly different from the 0.2 F 0.1 ms obtained for
wild type (Luna et al., 2004). Similarly, the decay time
constant measured 0.8 F 0.1 ms for acc, a value not
significantly different from the 0.6 F 0.1 ms measured for
wild type (Luna et al., 2004). Overall, the lack of
distinction between acc and wild type mepcs indicated
that alterations in synaptic kinetics did not contribute to
the acc phenotype.
Fig. 4. Whole cell voltage clamp recordings of spontaneous synaptic currents in acc and wild-type fast skeletal muscle. (A) Sample mepcs recorded at a muscle
holding potential of 90 mV. (B) Frequency vs. amplitude distributions. (C) Frequency vs. 10–90% rise time distributions. (D) Frequency vs. time constants of
decay distributions. The time constants were based on fit by an exponential, which, in almost all cases, described well the time course of mepc decay. The data
for A–D were obtained from a single acc and wild type recording.
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To establish a direct link between the serca mutation and
the acc phenotype, stimulus-induced calcium transients were
measured. For this purpose, dissociated muscle cells were
stimulated to contract and the associated changes in the
levels of myoplasmic-free calcium monitored. Transient
changes in free calcium were associated with both small
single twitches and with large contractions. Small single
twitch calcium transients were very brief (about 100 ms in
duration) and only detectable with photometric methods.
Thus, fast measurements (1 kHz) of 390 nm fura-2 AM
fluorescence were collected (Fig. 5A). In these brief single
responses, no significant differences were found between
wild type (Fig. 5A, upper) and acc (Fig 5A, lower) muscle in
the time to peak or in the decay time constant. The mean time
to peak was 10F 2 ms in wild type (n = 6) and 11F 3 ms in
acc (n = 6) cells. The mean decay time constant was 29.8 F
2.6 ms in wild type (n = 6) and 27.1F 5.5 ms in acc (n = 6).In contrast to the similarities in brief calcium transients
observed with small single twitches, the responses associ-
ated with large contractions were different between acc and
wild type muscle. In these experiments, it was necessary to
voltage clamp the dissociated muscle cells in order to better
control the level of depolarization and magnitude of
associated contraction. Dissociated myocytes were stimu-
lated by either a single 100–200 ms depolarizing pulse or a
train of pulses (at 1 Hz) from a holding potential of 80
mV. Calcium transients were imaged using the indicator
dye, CGD (Fig. 5B). Under these conditions, cells
responded with a full contraction and relaxation. Addition-
ally, the duration of these calcium transients was on the time
scale of seconds, compared to milliseconds for responses
associated with small single twitches. The decay of calcium
transients which accompanied full contractions was much
slower in acc compared to wild type fish (Fig. 5C). While
the calcium response decays to baseline within 1 s after peak
in wild type, calcium levels remained elevated in acc fish
Fig. 5. Calcium transients in dissociated skeletal muscle cells from acc and wild type zebrafish. (A) Photometric measurements of calcium responses in
dissociated muscle from 4 day fish loaded with fura-2 AM indicator. The muscle cell was depolarized at time 0 by a single 1-ms current pulse via an
extracellular stimulating electrode. The traces reflect DF/F for 390 nm fluorescence measurements from wild type (top) and acc (bottom) muscle. (B)
Sequential confocal images of calcium responses to single 100 ms command steps from 80 to +60 mV. The muscle cell was pre-dialyzed for 5 min with
100 AM CGD via the patch pipette. The rate for image acquisition was 15 frames per second. The capture times, relative to the stimulus, are indicated in each
image at the bottom left corner. (C) Quantitation of the time courses of the calcium green dextran fluorescence changes for the wild type cell shown in B and an
acc muscle cell. The responses are expressed as normalized DF/F, for 4 day old wild type (top) and acc (bottom) muscle. (D) Calcium green dextran
fluorescence changes in response to repetitive 100 ms depolarizations from 80 to +60 mV. Five consecutive pulses were delivered at 1 s intervals to muscle
dissociated from 8 day old wild type (top) and acc (bottom) fish.
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decay was also manifest in the inability of acc muscle to
follow a train of five stimulation pulses with individual
responses. Instead, acc showed a plateau in calcium
increase, reflecting the prolonged contraction of the
myocyte after the first pulse (Fig. 5D). In contrast, the wild
type cell was able to follow the frequency of the stimulation,
responding to each of the five pulses with a separate
contraction and an individual calcium transient (Fig. 5D).
This belated calcium clearance and the accompanying
prolonged contractions (Fig. 3C) were consistent with the
observed impairments in swimming in acc (Fig. 2B).Discussion
The ability to link behaviors to their molecular under-
pinnings is one of the great advantages offered by zebrafish.
The present studies on acc mutant zebrafish establish a
direct role for an important muscle protein in the devel-
opmental acquisition of normal swimming and escape. Thelink between molecular structure/function and motility
dysfunction is provided through the known calcium
regulation of muscle contraction in conjunction with the
well-established role of SERCA in regulating calcium levels
(Ebashi, 1961; MacLennan, 1970; MacLennan et al., 1997).
Additionally, the elucidation of several crystal structures of
SERCA (Toyoshima and Nomura, 2002; Toyoshima et al.,
2000, 2003) facilitates mechanistic interpretations of the acc
defect.
SERCA is responsible for the active re-uptake of calcium
into the muscle sarcoplasmic reticulum (SR), following its
release into the cytoplasm where it initiates contraction
(Ebashi, 1961; MacLennan, 1970; MacLennan et al., 1997).
The fast removal of calcium is imperative, as fish need to
move at speeds of 50 Hz (Liu and Fetcho, 1999). This rapid
rate of movement corresponds to the descending motor
drive to the muscle (Buss and Drapeau, 2001). In vivo
measurements indicate that segmental contractions are
complete within 10 to 20 ms in wild type fish. The calcium
imaging measurements in this study indicate that the serine
to phenylalanine substitution in the acctq206 allele severely
M.R. Gleason et al. / Developmental Biology 276 (2004) 441–451 449compromises the required fast re-uptake of calcium in
skeletal muscle. Two possibilities can account for this
finding: (1) the mutation creates an unstable protein that is
not present in muscle or (2) the protein is stably expressed
but functionally compromised. Mutation of the homologous
residue in mammals yields a non-functional but nonetheless
stably expressed protein (Rice and MacLennan, 1996),
indicating that the first possibility is unlikely. Moreover,
based on the crystal structure (Fig. 6), the location of the
mutation within SERCA suggests that the mutated protein,
if stably expressed, would be functionally compromised.
The mutation lies within the M5 transmembrane helix, a
region proposed to be important for coupling calcium
binding to ATP-driven conformational changes in the
cytoplasm, which mediate cation translocation from the
cytosol into the SR lumen. NMR studies of the M5 helix
have revealed the presence of a flexible linker between
residues Leu 764 and Asp 768 (Nielsen et al., 2003). This is
consistent with the crystal structures of the Ca2+ bound and
Ca2+ free states of SERCA (Toyoshima et al., 2003), which
indicate conformational flexibility in the M5 helix. The
substitution at this position by a large hydrophobic residue,
such as the phenylalanine in the tq206 allele, is predicted to
sterically constrict the conformational freedom of the M5
hinge region. Additionally, mutations of amino acids in this
M5 hinge region have been shown to disrupt calcium
binding (Rice and MacLennan, 1996). We show that the
S766F mutation found in the M5 helix of acctq206 SERCA
severely compromises the protein’s ability to clear calciumFig. 6. Location of the acctq206 mutation in SERCA. Structure of SERCA from
headpiece is shown as three individual structural domains in the cytoplasm labeled
flows from the cytoplasm into SERCA. An ATP-dependent conformational chang
change is propagated down to the Ca2+ binding site formed by the transmembrane
central transmembrane helix (yellow rod) demarcates the location of the S766F mut
involved in binding Ca2+ (blue spheres) at Site I are shown (N768, E771, D800
transmembrane helix, which is essential for coupling structural changes between th
was made using PDB ID 1SU4 (Toyoshima et al., 2000) and MOLSCRIPT (Krafrom the cytosol during the contractile process. Loss of
flexibility in the M5 helix may inhibit structural rearrange-
ments necessary for calcium translocation into the SR
lumen. Alternatively, the substitution at S766 could mod-
erate the helical packing necessary for the cation binding
site architecture.
Curiously, photometric measurements of calcium tran-
sients in response to minimal contractions indicated no
differences in kinetics between wild type and acc muscle.
Only upon either repetitive stimulation or following pro-
longed depolarization of acc muscle were calcium transients
slowed, reflecting compromised SERCA function. The
progressive slowing of calcium transients provides an
explanation for the progressive slowing in acc muscle
relaxation observed during repetitive stimulation. Muscle in
wild type fish can contract and fully relax in response to 25
Hz stimulation but muscle in acc fish only exhibit wild
type-like contractions in response to the first stimulus. Each
successive contraction is slower to recover in acc fish. This
use-dependent onset of the slowed calcium transients and
contractions predicts the behavioral differences observed
during touch-induced escape responses. Wild type fish
mounted a series of repetitive contractions at approximately
20 ms intervals. acc fish, however, quickly stiffened after
the initial strokes, with both sides of the tail contracting
nearly simultaneously due to the prolonged period of
shortening by muscle, causing incomplete tail bends and
terminating swimming. The inability of acc to relax
completely reflects the slowed re-uptake of calcium intothe sarco(endo)plasmic reticulum of rat skeletal muscle. The cytoplasmic
A (blue), N (sky) and P (green). Cation transport is initiated when calcium
e in the cytoplasmic headpiece follows Ca2+ binding. This conformational
helices (rods). The Ca2+ then flows into the lumen. A white asterisk on the
ation. Inset: magnified view of the location of the S766F mutation. Residues
, E908). S766 (red) is located in the center of the hinge region of the M5
e cytoplasmic domains and the Ca2+ binding site within SERCA. The figure
ulis, 1991) and POV-Ray (www.povray.org).
M.R. Gleason et al. / Developmental Biology 276 (2004) 441–451450the SR. The basis for the lack of distinction in rates of
calcium removal associated with small single contractions
between wild type and acc muscle is not clear. However, the
fact that calcium levels eventually return to baseline in both
wild type and acc muscle suggests that other calcium
binding proteins or transporters may be present to assist
SERCA in calcium removal. These proteins would play
principal roles under conditions of low cytosolic calcium
load whereas the greatly slowed removal under conditions
of high load associated with either prolonged depolarization
or repetitive stimulation would reflect defects in calcium
handling by SERCA. Interestingly, six additional acc alleles
have been identified, although the tq206 allele examined in
the present study exhibited the strongest phenotype (Gran-
ato et al., 1996). These other alleles likely represent
additional mutations that compromise SERCA function,
and as such, may provide further insights into the roles of
this calcium transporter in regulating the speed of muscle
contractions.
Compromised function of skeletal muscle SERCA has
been identified as causal to some inheritable forms of Brody
disease in humans (Odermatt et al., 1996). Some individuals
afflicted with this disease possess a truncated SERCAwhile
other patients are thought to suffer due to SERCA’s reduced
affinity for calcium (Odermatt et al., 2000). In all cases,
however, normal strength accompanies a single effort, but
there is progressive difficulty in relaxation following
repeated forceful contractions (MacLennan, 2000). This is
similar to the observation that the initial touch-induced tail
contraction is normal in embryonic and larval acc fish.
Measurements of cytosolic calcium from skeletal muscle of
Brody disease patients (Benders et al., 1994) and from acc
mutants both indicate recovery transients that are three to
four times slower following termination of depolarization.
As discussed previously, the observation that calcium levels
eventually return to normal resting levels suggests that
SERCA function may not be completely abolished in the
tq206 allele. However, the fact that the muscles in patients
with Brody disease possess normal resting concentrations of
calcium (Benders et al., 1994) and retain the ability to relax
(MacLennan, 2000), supports the argument for additional
means for calcium reuptake. Overall, the remarkable
similarities between the muscle phenotype of acc and
Brody disease indicate the potential utility for using
zebrafish to study this disease. It is particularly opportune
in the light of the fact that knockout of SERCA function in
mouse results in respiratory failure at birth, precluding
further study (Pan et al., 2003).Acknowledgments
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